Solid tumors frequently contain hypoxic subregions due to insufficient blood supply. In these domains, cells can undergo p53-dependent apoptosis. Therefore, hypoxia has been implicated as a physiological stimulus for p53 accumulation and activation. In such an environment, p53 mutant cells exhibit a selective growth advantage. Hypoxic regulation of p53 has been proposed to be hypoxia inducible factor (HIF) dependent; however, controversy remains over whether and to what extent low oxygen (O 2 ) tension by itself enhances p53 protein stability. Here, we examined the p53 response to hypoxia and hypoxia mimetics in several cell lines expressing different HIF-a proteins. Most cells exhibited elevated levels of p53 in response to hypoxia mimetics such as deferoxamine mesylate and CoCl 2 , regardless of their HIF-a protein expression profile. However, over a range of O 2 levels, from 1.5% to less than 0.02%, we failed to observe p53 accumulation or p53 nuclear translocation in any cell lines tested. Only after treatment with a combination of hypoxia and acidosis/nutrient deprivation did some cells exhibit p53 induction. Our results suggest that, although hypoxia induces p53 accumulation in vivo, secondary effects such as acidosis caused by a hypoxic Pasteur effect (instead of low O 2 by itself) are necessary for p53 accumulation. Therefore, the expression of HIF-1a and p53 proteins is not coupled during the cellular hypoxia response.
Introduction
Cells adapt to low oxygen (O 2 ) levels in several ways: metabolism shifts from oxidative phosphorylation to glycolysis with increased glucose and iron uptake, factors stimulating angiogenesis (VEGF) and red blood cell production (erythropoietin) are expressed at increased levels, and growth arrest and/or apoptosis may be induced (Graeber et al., 1996; Schmaltz et al., 1998; Dang and Semenza, 1999; Semenza, 2000; Gardner et al., 2001) . The exact molecular pathways leading to cell cycle arrest and apoptosis during hypoxia are not very clear Carmeliet et al., 1998; Giaccia and Kastan, 1998; Schmaltz et al., 1998; StempienOtero et al., 1999; Bruick, 2000; Gardner et al., 2001; Seagroves et al., 2001) , but an attractive candidate transducing this signal is the tumor suppressor p53 (Graeber et al., 1994 (Graeber et al., , 1996 Kim et al., 1997; Giaccia and Kastan, 1998; Alarcon et al., 1999; Denko et al., 2000; Hammond et al., 2002) . In the absence of stress, p53 is expressed at low levels due to its association with the ubiquitin ligase Mdm2, causing rapid degradation via the proteasome (Haupt et al., 1997; Kubbutat et al., 1997) . However, numerous stimuli have been reported to cause p53 accumulation (Pluquet and Hainaut, 2001) . p53 is stabilized and activated in response to various signals, such as DNA damage, abnormal proliferation signals (e.g. E2F or Myc overexpression), hypoxia, and osmotic stress (Prives, 1998; Pluquet and Hainaut, 2001) . Activated p53 functions as a transcription factor to stimulate a variety of genes involved in DNA damage repair, cell cycle arrest, and apoptosis (Sharpless and DePinho, 2002) .
Several lines of evidence suggest that hypoxia directly causes p53 protein accumulation. Histological studies show that cells expressing detectable p53 protein frequently reside within hypoxic tumor subdomains (Zhong et al., 1999) . Furthermore, in tumors expressing wild-type p53, cells undergoing apoptosis strongly correlate with such hypoxic regions (Graeber et al., 1994 (Graeber et al., , 1996 . In direct contrast, tumors expressing mutant p53 exhibit significantly lower levels of apoptosis in hypoxic domains (Graeber et al., 1996; StempienOtero et al., 1999) . Using in vitro cell culture systems, hypoxia-induced apoptosis has been correlated with p53 stimulation in human umbilical vein endothelial cells and neurons (Stempien-Otero et al., 1999; Zhu et al., 2002) . Furthermore, p53 À/À mouse embryo fibroblasts (MEFs) appear to be more resistant to hypoxia-induced apoptosis when O 2 levels drop below 0.2% and demonstrate a selective growth advantage over wildtype cells under hypoxic conditons both in vitro and in vivo (Graeber et al., 1996) . Human HCT116 cells also exhibit p53-dependent apoptosis after hypoxia treatment, probably through its downstream target PUMA (Yu et al., 2003) .
Additional evidence suggests that hypoxic p53 accumulation is linked to the central hypoxia transcriptional response pathway -hypoxia inducible factor (HIF). The HIF transcription complex is a dimer composed of a and b subunits (Wang and Semenza, 1995; Salceda et al., 1996) . Three a subunits, namely HIF-1a, HIF-2a, and HIF-3a, and two b subunits, ARNT and ARNT2, have been identified (Semenza and Wang, 1992; Wang and Semenza, 1995; Gu et al., 1998; Wiesener et al., 1998; Semenza, 2001) . All the three a subunits exhibit different expression patterns and probably carry out distinct physiological functions (Gu et al., 1998; Jain et al., 1998; Tian et al., 1998; Makino et al., 2002; Hu et al., 2003) . Levels of ARNT, the primary HIF-b subunit (Salceda et al., 1996; Kallio et al., 1997; Maltepe et al., 2000; Keith et al., 2001) , do not change as O 2 levels decrease (Salceda and Caro, 1997) . In contrast, HIF-a subunits are expressed at very low levels under normoxia and dramatically increase as O 2 concentration decreases. This results in nuclear translocation, pairing with the b subunit, and activation of a wide variety of genes involved in metabolism, angiogenesis, and red blood cell production (Semenza, 2002) . p53 and HIF-1a have been shown to associate when the expression levels of both proteins are high Ravi et al., 2000) . Based on these observations, it has been suggested that interaction with HIF-1a can cause p53 accumulation during hypoxia. DFX and CoCl 2 , which mimic hypoxia in HIF-a subunit regulation via inhibition of the HIFprolyl hydroxylases (Epstein et al., 2001) , also induced p53 accumulation in one study . However, hypoxia did not induce HIF-1a protein in ARNT-deficient Hepa1c4 cells and the accumulation of p53 in response to DFX and CoCl 2 was diminished . A separate report showed p53 accumulation in wild-type embryonic stem (ES) cells challenged with anoxia/hypoglycemia, but not in HIF-1a-deficient cells (Carmeliet et al., 1998) . Collectively, these studies suggest that HIF-1a and p53 can affect each other's expression and/or activity.
Hypoxia is one of the most common metabolic stresses encountered by tumors and such conditions are often associated with apoptosis. As p53 is a tumor suppressor that induces apoptosis in response to multiple stresses, we dissected the signaling pathway leading to p53 accumulation and activation during hypoxia. We were especially interested in possible cross-talk between p53 accumulation and HIF, and whether a correlation between p53 accumulation and specific HIF-a subunits (i.e. HIF-1a or HIF-2a) exists. We evaluated p53 levels during treatment with hypoxia mimetics (DFX and CoCl 2 ), true hypoxia, and anoxia in several cell lines expressing different HIF-a proteins. We found that chemicals which induce HIF-a proteins also induce p53 accumulation, regardless of the presence or level of HIF1a or HIF-2a. This suggests that elevated p53 expression is independent of HIF-a protein stimulation during chemical treatment. O 2 deprivation, even to the extent of anoxia (o0.02%), failed to induce p53 accumulation in these cells when pH and nutrient levels were maintained. Moreover, we observed decreased levels of p53 during severe hypoxia (0.05%) or anoxia (o0.02%) in multiple cell lines. The only time we observed p53 accumulation was when hypoxia treatment was accompanied by acidosis and nutrient deprivation. We conclude, therefore, that although hypoxia can induce p53, low O 2 is unlikely to be a direct stimulus of p53 protein accumulation and p53 expression during hypoxia is not directly linked to the accumulation of either HIF-1a protein or HIF-2a protein.
Results
In order to determine whether HIF-1a or HIF-2a proteins exhibit differential effects on p53 stimulation, we treated mouse ES cells with mutations in either the Hif-1a or Hif-2a genes and examined their p53 expression after treatment with hypoxia mimetics. We used etoposide, a known DNA damage reagent, as a positive control for a functional cellular p53 pathway. When treated with etoposide, all the three cell lines (wild-type, Hif-1a
, and Hif-2a
) exhibited robust p53 induction ( Figure 1a ). Both 100 mM DFX and 100 mM CoCl 2 caused a visible and reproducible p53 induction, albeit to lower levels than found in etoposide-treated cells (Figure 1a) . However, there were no obvious differences in p53 accumulation among wild type, Hif-1a
, and Hif-2a À/À ES cells. Moreover, the obvious increase in p53 levels did not occur until 8-16 h of treatment, while levels of HIF-a proteins increase dramatically within an hour under such conditions (Hu et al., 2003) . We used Figure 1 Hypoxia mimetic chemicals can induce p53 in cultured murine ES cells and RCC4 cells. (a) Gelatin-adapted ES cells were grown to about 50% confluence and treated with 100 mM CoCl 2 and 100 mM DFX to mimic hypoxia and 50 mM etoposide to induce DNA damage for the indicated period of time. Cells were then harvested for Western analysis to examine their p53 expression. * indicates nonspecific bands picked up by the p53 antibody PAb421 and serve as loading control. (b) Log-phase RCC4 cells were treated with 100 mM DFX and 100 mM CoCl 2 to mimic hypoxia treatment and 50 mM etoposide to induce DNA damage, respectively, for the indicated period of time. Whole-cell lysates were used for Western analysis of p53 expression level. * indicates a nonspecific band serving as a loading control (Maxwell et al., 1999) . Human RCC4 renal carcinoma cells lack the VHL gene; therefore, HIF-1a and HIF-2a are constitutively stabilized and expression levels are not altered by hypoxia or hypoxia mimetics (Maxwell et al., 1999; Hu et al., 2003) . Consequently, we expect no change in p53 levels as a result of hypoxia mimetics if p53 accumulation is dependent on HIF-a protein stabilization. However, untreated RCC4 cells express low p53 levels when HIF-a protein levels are high. Moreover, when treated with DFX, RCC4 cells exhibited p53 accumulation to the same extent as detected in those treated with the DNA-damaging agent etoposide. In contrast, CoCl 2 did not affect p53 levels in RCC4 cells (Figure 1b) . These results suggest that p53 accumulates in response to hypoxia mimetics such as DFX and CoCl 2 . However, this accumulation is not coupled to HIF-a protein levels and accumulation of HIF-a protein is not the causal factor leading to p53 stabilization when cells are treated with chemicals mimicking hypoxia. Hypoxia mimetics DFX and CoCl 2 recapitulate hypoxia in terms of their ability to induce HIF-a protein. Beyond this, there are many distinct independent intracellular effects of these two disparate stimuli. For example, it has been reported that hypoxia mimetics can affect p53 phosphorylation differently from hypoxia itself (Achison and Hupp, 2003) . Therefore, we considered the possibility that p53 accumulation is dependent on HIF-a protein only during true hypoxia and not upon treatment by chemicals mimicking hypoxia. We challenged Hif-1a À/À and Hif-2a À/À ES cells with O 2 deprivation to verify that hypoxic stimulation of p53 is coupled to upregulation of either HIF-1a or HIF-2a protein. To our surprise, we failed to observe any upregulation of p53 in cells cultured at 1.5% O 2 ( Figure 2 ). We examined HIF-2a protein expression in these experiments as a control for O 2 deprivation and observed elevated levels of HIF-2a in wild type as well as Hif-1a À/À cells as expected ( Figure 2 ). These results further suggest that HIF-a protein expression is not correlated with p53 accumulation. Moreover, our data are apparently inconsistent with the scenario that low O 2 levels promote p53 stabilization, and raise the possibility that hypoxia mimetics and hypoxia have different effects on p53 induction.
To rule out that these distinct stimuli confer different effects on p53 expression that is restricted only to murine ES cells, we analysed a variety of common human and murine tumor cell lines frequently used for hypoxia and p53 studies. We tested their response to chemicals that mimic hypoxia or hypoxia itself. In agreement with previous results , CoCl 2 and DFX increased p53 expression in human HepG2 hepatoma cells, albeit to a lower level than that obtained with UV irradiation (Figure 3a) . We then tested p53 expression in cells exposed to a decrease in O 2 partial pressure. HepG2 cells were subjected to 21% O 2 , 1.5% O 2 , and 0.1% O 2 for different lengths of time. Although HIF-1a and HIF-2a proteins were substantially induced by hypoxia, there was no increase in p53 after either short or long periods of hypoxia ( Figure 3b and data not shown). On the contrary, there was actually some reduction in p53 expression in cells cultured under hypoxic conditions. This reduction was more obvious in cells cultured at 0.1% O 2 and in cells exposed to hypoxia for a prolonged period of time, that is, 24 h ( Figure 3b ). We also assessed the level of Mdm2, which is a transcriptional target of p53 (Wu et al., 1993; Zauberman et al., 1995) . The expression of Mdm2 was reduced Figure 3 Hypoxia-mimetic chemicals but not true hypoxia induce p53 in cultured HepG2 cells. (a) Log-phase HepG2 cells were treated with 100 mM DFX and 100 mM CoCl 2 for the indicated period of time to mimic hypoxia treatment. Another aliquot of cells prepared at the same time was subjected to 100 J/m 2 UV irradiation to induce DNA damage, and harvested after the indicated time after irradiation. Whole-cell lysates were used for Western analysis of p53 expression level. * indicates a nonspecific band picked up by the secondary antibody and serves as a loading control. (b) In all, 50% confluent HepG2 cells were cultured under 21% oxygen, 1.5% oxygen (generated by hypoxic workstation), and 0.1% oxygen (generated by flushing a sealed box with a premixed tank composed of 95% nitrogen, 5% carbon dioxide, and 0.1% oxygen) for the indicated period of time. Cells were then harvested for Western analysis to examine the p53 expression level. * indicates a portion of the Ponsau S staining of the membrane used for Western analysis and used here as a loading control to an even greater extent than p53, suggesting that p53 was not transcriptionally active in these hypoxic cells.
Severe hypoxia, or anoxia, has been shown to cause p53 accumulation and apoptosis (Graeber et al., 1994; Wenger and Gassmann, 1996; Koumenis et al., 2001; Hammond et al., 2002) . Thus, we considered the possibility that O 2 levels used in our previous experiments (0.1-1.5%) were not low enough. Therefore, we further decreased O 2 tension to determine if p53 accumulation can be induced under such conditions. We employed chemical O 2 sensing strips and a quantitative EF5 staining method to ensure that we obtained severe hypoxia. EF5 staining of human HCT116 colon carcinoma cells was used to monitor the average hypoxic levels in each experiment. EF5 staining results suggested that we can achieve an O 2 level as low as 0.02-0.05% in our standard experimental setup (Table 1) . By using an O 2 scavenger (100 mM Na 2 S 2 O 3 and 200 mM boric acid, pH 8.5), we can achieve even lower O 2 levels (Materials and methods, Table 1 ). Therefore, we quantitatively confirmed that we have achieved the range of O 2 levels intended.
Human MCF7 mammary carcinoma cells and HCT116 colon carcinoma cells, previously shown to exhibit p53 accumulation upon hypoxia treatment (Hammond et al., 2002; Yu et al., 2003) , were treated with 0.02% O 2 , 100 mM DFX, and 50 mM etoposide, respectively. Instead of observing an increase in p53 levels, we detected a significant decrease in p53 levels in cells treated with extreme O 2 deprivation (Figure 4 ). DNA-damaging agents such as etoposide significantly induced p53 in both cell lines, indicating that the p53-signaling pathway was functional in each ( Figure 4) . When assaying the levels of two downstream targets of p53, p21 (Wenger and Gassmann, 1996) and Mdm2, we saw a reduction of both proteins only in cells treated with severe hypoxia (Figure 4 , lane 2). In direct contrast, both proteins were strongly induced in etoposide-treated MCF7 cells, while p21 levels increased in etoposidetreated HCT116 cells. These results strongly suggest that p53 can be activated by DNA damage but not severe hypoxia (Figure 4) . The fact that both 0.02% O 2 -treated and DFX-treated cells exhibit a strong increase in HIF1a protein expression without p53 protein accumulation also suggests that the expression of p53 and HIF-1a proteins is uncoupled in these two additional cell lines. These results support the conclusion that low O 2 tension is not a direct acute stimulus for p53 accumulation and activation.
To obtain the lowest O 2 level possible, we employed a sealed aluminum chamber to culture our cells. Oxygen was purged out of the container by flushing with gas composed of 95% N 2 and 5% CO 2 several times. Oxygen scavenger was added in a separate dish in the chamber to eliminate any residual O 2 . Differences between the presence and absence of the O 2 scavenger in the aluminum chamber were confirmed by a plutonium electrode. We estimate that the O 2 level in this case was well below 0.02%, which is near the threshold of detection by plutonium electrodes. When we tested MCF 7 cells in such low pO 2 levels, there was no perceptible increase in p53 accumulation (data not shown).
Under normal conditions, p53 is expressed at very low levels and shuttled out of the nucleus by Mdm2 (Freedman and Levine, 1998; Roth et al., 1998) . Upon stimulation, p53 accumulates and translocates to the We observed no p53 nuclear translocation in hypoxiatreated cells. In contrast, such translocation was obvious in etoposide-treated cells ( Figure 5 ). We further tested the p53 localization after severe hypoxia treatment using murine B16F10 melanoma cells which have a very robust p53 response to etoposide treatment. We treated these cells with severe hypoxia (0.05% O 2 ) for 16 h and then examined p53 levels and cellular localization. By Western blot analysis, we observed a slight reduction in total p53 levels upon hypoxia treatment of B16F10 cells and a strong induction of p53 upon etoposide treatment ( Figure 6a ). Based on IF analysis, we noticed an obvious nuclear translocation of p53 in etoposide-treated cells, but no translocation was observed in 0.05% O 2 -treated cells (Figure 6b ). There was even a slight reduction in p53 levels in hypoxic cells, which is consistent with the Western data. Furthermore, the p53 downstream target p21 was significantly increased in etoposide-treated cells, but not in 0.05% O 2 -treated cells (Figure 6a ). Therefore, based on expression profile, subcellular localization, and activity, there is no evidence for p53 activation in B16F10 cells upon treatment with severe hypoxia. In addition, similar treatment of RCC4 cells failed to result in p53 accumulation (Figure 7a ) or nuclear translocation ( Figure 7b ). Since we observed no p53 nuclear translocation, it is unlikely that p53 is stimulated to act as either a transcriptional activator or a transcriptional repressor after 0.05% O 2 treatment in these cells. Previous studies suggested that acidosis rather than low O 2 itself is the direct cause of cellular apoptosis under hypoxic conditions (Graeber et al., 1996; Stempien-Otero et al., 1999; Koumenis et al., 2001 ). Therefore, we compared the p53 response to hypoxia using Figure 6 0.05% O 2 does not induce nuclear translocation of p53 in cultured B16F10 cells. B16F10 cells were plated in a tissue culture dish containing a gelatin-treated glass cover slip and grown to 50% confluence. Immediately after changing the culture medium to Hepes balanced CO 2 -independent medium, cells were treated for 16 h under 21% O 2 (N) and 0.05% O 2 (A). As a control, cells were treated for 8 h with 50 mM etoposide (E). At the end of each treatment, cells grown in the dish but not on the glass cover slip were harvested for Western analysis for p53 and p21 expression (panel A). * indicates a nonspecific band serving as loading control. Cells grown on glass cover slips were used for IF staining (B) Figure 5 0.05% O 2 does not induce nuclear translocation of p53 in cultured HCT116 and MCF7 cells. HCT116 and MCF7 cells were plated on a gelatin-treated glass cover slip and grown to 50% confluence. Immediately after changing the culture medium to HEPES balanced CO 2 -independent medium, cells were treated for 16 h under 21% O 2 (N) and 0.05% O 2 (A). As a control, cells were treated for 8 h with 50 mM etoposide (E). At the end of each treatment, cells were used for IF staining different cell densities to generate acidosis during hypoxia in samples plated at high cellular density but not in those plated at low density. HCT116 cells were plated at high density (3 Â 10 5 cells per 60 mm dish 48 h before treatment) and low density (5 Â 10 4 cells per 60 mm dish 48 h before treatment) and cultured at 0.2% O 2 overnight. In order to monitor any potential p53 nuclear translocation, we fractionated the cell lysates into cytoplasmic and nuclear fractions (see Materials and methods section) and performed Western analysis. Of note, dense cultures exhibited increased levels of p53 in the nucleus (Figure 8 , compare lane 2 to lane 6) in those samples plated at a density high enough to lower the pH of the medium below 6.9. In fact, this sample exhibited p53 accumulation to levels comparable to the g-irradiated control samples (Figure 8 , compare lane 2 to lane 8). Consistent with our previous results, cells plated at low density with no significant decrease in pH of the medium failed to demonstrate an increase in p53 protein (Figure 8 , compare lane 4 to lane 6 and lane 2). We quantitated total p53 levels (nuclear plus cytoplasmic) in each sample and found a 30% increase in p53 in g-irradiated cells compared to untreated cells, a 15% increase in hypoxia-treated cells at high density, and a 20% decrease in hypoxia-treated cells cultured sparsely. We assayed the nuclear p53 levels in these cells and found that g-irradiated cells exhibit a 60% increase compare to control cells, densely cultured hypoxic cells exhibit an 32% increase, and sparsely cultured cells exhibit a 14% decrease. We also observed p53 accumulation to similar levels in densely plated cells subjected to 4% O 2 treatment, in which the pH of the medium also dropped to below 6.9 (data not shown). These results further support a scenario where hypoxia can trigger p53 accumulation, but not through low O 2 levels alone.
Since these samples underwent a strong Pasteur effect, not only was there a decrease in pH but also deprivation of glucose and other nutrients. As many biochemical pathways are influenced by these stimuli, the direct cause of p53 accumulation is not clear from our results. It is very possible that multiple factors in various combinations are responsible.
Based on the data presented above, we conclude that low O 2 by itself cannot induce cellular p53 accumulation. Furthermore, elevation of either HIF-1a nor HIF2a protein by themselves does not directly cause p53 accumulation. Therefore, it is very likely that secondary effects of hypoxia such as acidosis and nutrient deprivation are required for p53 induction in tumor cells situated in a hypoxic microenvironment.
Discussion
Although it has been suggested that p53 accumulates under hypoxia in an HIF-1a-dependent manner, other studies challenge the notion that hypoxia induces p53 or that hypoxic p53 regulation is HIF-dependent. Using ES cells lacking either HIF-1a or ARNT and ARNTdeficient Hepa1c4 cells, demonstrated that p53 is not induced or activated by hypoxia treatment, regardless of HIF protein status. Similar to our findings, hypoxia mimetics such as DFX induced p53 in these cells in a HIF-1a protein-independent manner . These data argue against the hypothesis that HIF, or a functional cellular hypoxia response pathway, is required for p53 accumulation during low O 2 . However, anoxia was not tested in these studies. Furthermore, hypoxic growth arrest and apoptotic effects were shown to be carried out via p53-independent mechanisms and p53 accumulation was not consistently observed in primary murine fibroblasts, splenic B cells, and human hepatoma cells (Schmaltz et al., 1998; Gardner et al., 2001; Goda et al., 2003) , suggesting that p53 stimulation is not a universal consequence of hypoxia treatment. Therefore, it is unclear from the current literature whether HIF-a protein levels affect p53 accumulation and, if yes, which HIF-a protein is responsible. Due to the technical difficulties of measuring the degree of hypoxia when O 2 levels are very low and the complex environment generated via hypoxic treatment, current literature also remains controversial about whether low O 2 can directly cause p53 accumulation, and whether true anoxia (o0.02% O 2 ) rather than hypoxia is required.
In this study, we hoped to determine if either HIF-1a or HIF-2a plays a role in stimulating p53 stabilization and whether hypoxia and/or anoxia can function as a bona fide signal to induce p53 stabilization. In almost all cell lines assayed, we observed that p53 expression is at least modestly upregulated after treatment with DFX and/or CoCl 2 . However, the induction of p53 did not correlate with the expression of either HIF-1a or HIF2a. Very convincingly, ES cells with either the Hif-1a or Hif-2a gene ablated, responded to these chemicals with respect to p53 in a manner indistinguishable from Figure 8 p53 accumulates in HCT116 cells under conditions of hypoxia-induced nutrient depletion and acidity. HCT116 cells were plated at high (H) or low density (L) and cultured at 0.2% O 2 or 21% O 2 overnight. Cytoplasmic (C) and nuclear (N) fractions were prepared for p53 Western blotting. At the end of the experiment, the medium of the high-density cells treated with 0.2% O 2 was below pH 6.9 and the pH of the medium of all other cells was normal. Cells treated with 6 Gy g-irradiation (G) were harvested after 6 h of treatment. The same blot was probed for b-tubulin (a control for cytoplasmic fractionation) and Ku-80 (a control for nuclear fractionation) to ensure equal loading of each sample p53 expression under hypoxia Y Pan et al wild-type ES cells. In human RCC4 renal carcinoma cells, both HIF-a proteins are constitutively stabilized and DFX and CoCl 2 do not further increase their expression (Maxwell et al., 1999; Hu et al., 2003) . However, p53 expression can still be induced in this cell line after DFX treatment. This strongly suggests that the upregulation of p53 is not due to an increase in HIF-a protein expression. DFX and CoCl 2 cause HIF stabilization via disruption of HIF prolyl hydroxylase iron binding; HIF prolyl hydroxylase function is required for rapid HIF-a protein degradation (Bruick and McKnight, 2001; Epstein et al., 2001; Jaakkola et al., 2001; Hon et al., 2002) . Since both DFX and CoCl 2 interfere with other iron-containing enzymes as well, it is more likely that DFX and CoCl 2 confer a stress signal to the cell causing p53 accumulation due to uncharacterized toxic effects (rather than induced HIF-a protein expression). We subsequently observed that low O 2 tension, which dramatically elevated HIF-a protein levels, had no impact on p53 expression in all cell lines used. Our results also demonstrate that 'chemical hypoxia' is quite different from true hypoxia. Previously, HIF-1a and p53 have been shown to physically associate with each other and affect each other's stability and activity Ravi et al., 2000) . However, the majority of these experiments were done in cells overexpressing both proteins due to transfection, raising the possibility that the interaction only happens when the concentrations of both proteins are atypically high. We believe that endogenous HIF-a and p53 protein levels are not high enough to affect each other in our experiments.
Under the conditions described, hypoxia or anoxia alone did not cause p53 accumulation. We have tried multiple cell lines, different degrees of hypoxia, and even different experimental apparatuses to achieve the intended low O 2 tension. The degree of hypoxia was confirmed by HIF-a protein stabilization, EF5 staining, and O 2 -sensitive chemical or electrode probes (Table 1) . However, we have not observed p53 accumulation when using well-buffered medium and relatively sparse cell densities to avoid pH change and nutrient deprivation. We also checked the localization of p53 and expression of Mdm2 and p21, two p53 transcriptional targets, upon hypoxia treatment. We observed neither p53 nuclear translocation nor increased levels of Mdm2 and p21 expression. Although temporary suppression of Mdm2 expression after stress may serve as a driving force for p53 accumulation at early stages of the p53 response (Sax et al., 2002) , we observed reduction in Mdm2 even after prolonged hypoxia treatment (typically 16-24 h and up to 72 h). Therefore, we believe the reduction in Mdm2 expression we observed after hypoxia treatment is an indication of lowered p53 activity (or lowered cellular transcription and translation rates in general), rather than an indication of p53 accumulation. Previous studies also suggested that hypoxia may attenuate the p53 response instead of promoting it, presumably via suppression of phosphorylation on certain serine residues (Achison and Hupp, 2003) . Based on lack of nuclear translocation, we think our experimental conditions are unlikely to yield a transcriptional repression function of p53 as suggested (Koumenis et al., 2001) or a transcriptional activation function. Therefore, we propose that p53 accumulation and activation are unlikely to be a direct result of hypoxia, but more likely the result of one or more secondary effects conferred by hypoxia.
In agreement with this scenario, the only time we observed p53 accumulation after low O 2 treatment was when we plated HCT116 cells at densities allowing nutrient deprivation and significant decrease in pH. According to these results, we think it is more likely that the acidosis and/or glucose deprivation caused by hypoxic treatment is the direct cause of p53 accumulation and not low O 2 itself. Our results are consistent with previous findings that low pH was able to induce p53 accumulation (Ohtsubo et al., 1997; Schmaltz et al., 1998) . Hypoxia induces acidosis and accelerated glucose deprivation because of a metabolic shift to glycolysis (Seagroves et al., 2001) . This effect of hypoxia depends on the accumulation of HIF-1a (Seagroves et al., 2001; Hu et al., 2003) . Therefore, it is conceivable that p53 accumulates in hypoxic cells if the buffer capacity is not sufficient to counter HIF-1a-induced acidosis and glucose deprivation. Differential apoptotic effects of hypoxia rendered in cells with different Hif-1a gene status in previous studies (Carmeliet et al., 1998) may also reflect such a connection among HIF-1a, acidosis, and p53 accumulation. Such a connection can also explain results from multiple studies, indicating that the hypoxic environment in tumors is responsible for activating the p53 pathway leading to tumor cell apoptosis (Graeber et al., 1994 (Graeber et al., , 1996 Stempien-Otero et al., 1999) and why tumor cells lacking functional p53 actually survive this environment better. Therefore, in vivo p53 accumulation can correlate with HIF-1a protein expression if the acidic and glucose deprivation effects of hypoxia are pronounced. However, rather than directly associate with p53 and cause its stabilization, HIF-1a protein exerts its effect through its downstream targets.
From our study, we conclude that low O 2 level by itself is not a bona fide signal for p53 accumulation. Rather, secondary effects of hypoxia such as acidosis and glucose deprivation are responsible for increasing p53 levels.
Materials and methods

Cell culture
Human HepG2 heptoma cells, HCT116 colon carcinoma cells, MCF7 mammary carcinoma cells, RCC4 renal carcinoma cells, and murine B16F10 melanoma cells were obtained from ATCC and cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin (PSN), and 2 mM L-glutamine. Wild-type, Hif-1a
, and Hif-2a À/À ES cells (kind gifts from Dr Peter Carmeliet) were cultured in DMEM supplemented with 15% FBS, 1% PSN, 2 mM L-glutamine, 0.14 mM b-ME, and (leukemia inhibitory factor (LIF)). To reduce acidification under hypoxic conditions, 20 mM HEPES was added to the media and cell density was kept below 70% confluency p53 expression under hypoxia Y Pan et al throughout all experiments. For experiments at 0.05% O 2 and lower, cells were plated on permanox dishes (Nunc) or glass dishes to minimize O 2 released from plastic, and put into a CO 2 -independent medium balanced with 25 mM HEPES immediately before treatment.
Western blot assays
Whole-cell lysates were prepared for Western blot analysis. For each sample, cells were scraped and pelleted. After one wash with PBS, cells were lysed directly into SDS lysis buffer (10 mM Tris, pH 7.4, 2 mM EDTA, 1% SDS) and boiled immediately at 951C for 10 min. For subcellular fractionation, cells were first lysed in a hypotonic buffer to extract cytoplasm and nuclei were subsequently lysed in a hypertonic buffer containing NP-40 to extract nuclear protein. Protein concentration was determined using standard BCA methods (Pierce) and equal amounts of total protein were loaded for gel electrophoresis.
For detecting human p53 protein, Clone DO-1 (Ab-6, Oncogene) was used. For detecting murine p53 protein, PAb421 (Ab-1, Oncogene), which recognizes both murine and human p53, was used. For detecting human Mdm2 protein, Clone IF-2 (Ab-1, Oncogene) was used. Anti-human HIF-1a antibody was purchased from Transduction Laboratories (H72320). Anti-HIF-2a antibody was purchased from Novus. Anti-p21 antibody was obtained from Santa-Cruz. Quantitation was performed by digital means using b-tubulin to normalize sample signals.
IF assays
Cells were grown on gelatin-coated glass cover slips. After fixation in 1% paraformaldehyde at room temperature for 10-15 min, cells were treated with 0.1% Triton X-100/PBS on ice for 10 min and then blocked and stained with appropriate antibody and mounted on Dapi-containing mounting medium (Vector Laboratories). Murine p53 was detected using CM-1/5 (NovoCastra Laboratories) and FITC-conjugated anti-rabbit IgG secondary antibody (Vector Laboratory). Human p53 was detected using DO-1 (Oncogene) for HCT116 cells and MCF7 cells and PAb421 for RCC4 cells (Oncogene) and FITCconjugated anti-mouse IgG secondary antibody (Vector Laboratories). Different antibody and cell lines used could account for the different fluorescence signal intensity achieved.
Hypoxia treatment
1.5% O 2 was achieved using an In Vivo hypoxia workstation (Ruskinn Technologies, Leeds, UK). 0.1% oxygen was achieved by flushing a sealed box containing the cultured cells with premixed gas composed of 95% nitrogen, 5% CO 2 , and 0.1% O 2 . 0.05% O 2 was obtained by flushing a sealed box containing the cultured cells with premixed gas composed of 95% N 2 , 5% CO 2 , and 0% O 2 or using 100% N 2 combined with culturing cells in CO 2 -independent medium. 0.02% O 2 was achieved by putting culture dishes in a sealed aluminum container and multiple gas exchanges using O 2 -free N 2 to achieve the desired O 2 level. For all experiments, one or more of the following methods was used to monitor the actual O 2 level: via EF5 staining and plotting a reference curve, or O 2 -sensing BBL GasPack strips (Becton Dickinson) and/or a polarographic O 2 sensor. For experiments to induce different levels of acidosis via hypoxia treatment, HCT116 cells were plated either at 3 Â 10 5 cells per 60 mm dish (high density) or 5 Â 10 4 cells per 60 mm dish (low density) 48 h before each experiment. Cells were then changed into CO 2 independent medium and buffered with 25 mM HEPES. Immediately after removing cells from the chamber, the pH was measured by carefully decanting the medium into a tube which was just larger than the Corning pH electrode.
EF5 staining
This method provided a measure of the 'average' intracellular pO 2 (Koch, 2002) . We used HCT116 as a standard cell line. HCT116 cultured in an aluminum chamber was stained with EF5. The level of EF5 staining in these HCT116 cells was correlated with absolute chamber pO 2 measured by a plutonium electrode to generate a standard curve. O 2 levels in other experimental apparatuses were determined by culturing HCT116 in these systems in the presence of EF5, and the EF5 staining of HCT116 in these conditions was plotted on a standard curve to obtain the actual pO 2 . For each EF5 staining, 0.03 mM EF5 was added to the culture medium immediately before the experiment and was present for the entire treatment. At the end of each treatment, cells were trypsinized and fixed in 4% paraformaldehyde and then stained with Cy5-conjugated EF5 antibody (Elk3-51). Flow cytometry analysis was then performed to measure the degree of hypoxia achieved quantitatively.
